There is a striking increase in the abundance of non-vascular organisms (mosses, liverworts, and macrolichens) with altitude in the tropics. The proposed mechanism behind this altitudinal gradient still awaits experimental verification. This study addresses this question using diel (= 24-h) time courses of CO 2 exchange, thallus water relations, and microclimate of the foliose lichen, Parmotrema endosulphureum, under natural tropical lowland conditions. In addition, we studied the responses of lichen gas exchange to experimental manipulations of incident light, temperature and thallus water content. Similar to the results of the only other field study on CO 2 exchange in lowland lichens, 24-h carbon gain was strongly limited by nocturnal CO 2 loss: the cumulative dark respiration reached almost 90% of diurnal carbon gain. Our estimates of long-term carbon gain are consistent with direct measurements of growth, and are substantially lower than those for lichens from montane sites in the tropics.
Introduction
There is a pronounced altitudinal gradient in the abundance of poikilohydric organisms (mosses, liverworts, and macrolichens) in tropical forests (Richards 1984; Sipman & Harris 1989; Aptroot 1997) . Seemingly ideal growth conditions in moist and wet lowland forests make this a surprising observation, and a large number of hypotheses have been put forward to explain this biogeographical pattern (review by Frahm 1987 and Zotz 1999) . An hypothesis by Richards (1984) has received particular attention in recent years. It emphasises the importance of high nighttime temperatures in tropical lowlands. Briefly, associated high rates of dark respiration lead to strong nocturnal CO 2 losses in these cryptogams, which cannot be balanced by daytime photosynthesis due to limitations associated with their poikilohydric habit. Consequently, even those species capable of colonising lowland habitats should show rather limited photosynthetic carbon gain and also rather slow growth (Zotz 1999) . Surprisingly, there are very few studies to test this notion. Although there are a number of recent publications on lichen physiology from tropical montane forests Zotz et al. 1998; Lange et al. 2000) , there is only a single study with a macrolichen in a natural tropical lowland habitat (Zotz & Winter 1994) . The results of this study with the foliose lichen, Leptogium azureum, were consistent with Richards' hypothesis: diel (24 h) carbon balances were negative on many days, suggesting that this moist forest is indeed a marginal habitat for this species.
To test whether the in situ comportment of Leptogium azureum was representative for other co-occurring species of macrolichens, the present study focuses on a different species from the same lowland forest of Barro Colorado Island, Parmotrema endosulphureum (Hillm.) Hale. We document on the one hand the in situ CO 2 -gas exchange and water relations of this foliose species, while also investigating the response of net photosynthesis to controlled changes in temperature, thallus water content, and incident light. Using this information we estimate long-term carbon gain under lowland conditions and compare it with data from montane forests. Our report confirms that lichen carbon gain under lowland and montane conditions differs indeed substantially.
Material and methods

Study site and organism
This study was performed in the Barro Colorado National Monument (BCNM; 9°10' N, 79°51'W, c. 30 m a.s.l.), Republic of Panama. The tropical moist forest of this biological reserve receives about 2600 mm of annual precipitation with a pronounced dry season from late December to April. Detailed descriptions of vegetation, climate and ecology are provided by Leigh et al. (1982) and Windsor (1990) .
Our study organism, Parmotrema endosulphureum (Hillm.) Hale, is a foliose lichen species that is extremely common in the Caribbean region (from Southern USA through Central America and Puerto Rico), but much rarer elsewhere (Hale 1965) . In BCNM it is quite frequently found at exposed branches high in the forest canopy or on trees at the shoreline of Lake Gatun such as Annona glabra (Zotz & Schleicher submitted) . All specimens were collected from this tree species. Voucher specimens are deposited in the herbarium of the University of Panama, Republic of Panama and at the University of Würzburg, Germany.
At the University of Würzburg, carbon and nitrogen content were analysed with a CHNO-Rapid (Foss Heraeus, Hanau, Germany). The average C content was 45.6 ± 1.4% (means ± SE) of dry weight (n = 3), and mean nitrogen concentration was 1.1 ± 0.1% dry weight (n = 3).
CO 2 -gas exchange measurements
The samples of P. endosulphureum, which were collected from branches of Annona glabra, were carefully cleaned. Then the thalli were placed in wire-mesh baskets (3.8 cm diameter, 1-1.5 cm height, mesh width 1.6 mm) similar to the standard method used in field measurements of lichen CO 2 exchange (Lange et al. 1984; Lange et al. 1994) .
Diel courses of net CO 2 exchange under quasi-natural conditions were monitored using a CO 2 /H 2 O porometer (CQP 130, Walz, Effeltrich, Germany), while response curves of CO 2 exchange under experimentally controlled conditions to changing photosynthetic photon flux density (PFD), temperature, and thallus water content (WC, % dw) were studied with a 'mini-cuvette system' (Walz). In the latter case, artificial illumination was provided by lamps with fibre optics (KL 1500 electronics, Schott Glaswerke, Wiesbaden, Germany). Both systems were open systems and differences in the CO 2 concentration were measured to ± 0.1 ppm with BINOS infrared gas analysers (Rosemount, Hanau, Germany). The absolute CO 2 concentration of the air that was flowing through the systems was determined with an additional BINOS operating in absolute mode. After the measurements, samples were dried for 4 days at 70°C to determine thallus dry weight (dw). Field measurements were performed near the lake shore, i.e. close to the original growing site of the samples.
Diel courses of CO 2 -exchange, thallus water content, incident radiation, and cuvette air-temperature were studied on seven days in the 2001 and 2002 rainy seasons. Three different replicates were used on each occasion, and were exposed to natural conditions at least half a day before the beginning of the experiments. Samples were enclosed in the cuvette of the porometer system in c. 60 min intervals, an individual measurement typically lasting 2 min. The environmental conditions inside the cuvette approximated ambient. Immediately after a measurement the sample fresh weight was determined by weighing wire-mesh baskets plus sample on an electronic digital balance (PM 460, Mettler, Giessen, Germany; accuracy: 1mg) . Between measurements samples were horizontally exposed to the ambient conditions near the lake shore on a tray made of wire mesh in ca. 50 cm height.
The response of CO 2 exchange (NP) to different water contents was studied as follows: samples were submerged into distilled water for several minutes, taken out and superficially adherent water was removed by vigorous shaking. Samples were then placed into the cuvette of the 'mini-cuvette system' at 25°C and 600 µmol m -2 s -1 PFD. Ambient CO 2 concentrations ranged from 350 to 370 µl l -1 . CO 2 exchange was measured as soon as equilibrium was reached. Then samples were removed, immediately weighed and allowed to dry for a few minutes. Samples were then placed into the cuvette again. This procedure resulted in a stepwise water loss and was continued until no more changes in the relative water content occurred. Measurements were replicated with 8 specimens and with an additional 5 specimens in darkness.
For the study of net CO 2 exchange in relation to changes in PFD samples were moistened by spraying to reach a WC close to the optimum (110-190%), inserted in the cuvette, and illuminated with PFD of ca. 500 µmol m -2 s -1 . PFD was then lowered in small steps until 0 µmol m -2 s -1 and subsequently increased in larger steps to a maximum PFD of ca. 800 µmol m -2 s -1 . Each light level was maintained until a steady-state net CO 2 uptake was reached (usually 5-10 min) and then changed to the next level. The samples were weighed before and after the experiment. WG after an experiment was never lower than 80% WC. The PFD response curves were analysed by fitting a 'Smith-function' to the data points of each sample, using STATISTICA software (Statsoft Inc., Tulsa, OK, USA):
This function allows the determination of α, the initial slope of the curve, NP max , the maximum rate of NP, and R D , the rate of dark respiration (cf. Tenhunen et al. 1976) .
Finally, we also studied the temperature response of CO 2 exchange (between 10 and 35°C in steps of 5°C). Samples with an initial WC of 200-250% were placed in the cuvette. Once an equilibrium was reached at 600 µmol m -2 s -1 PFD, the rate of dark respiration was determined. Samples were weighed and re-inserted in the cuvette. This procedure was α α repeated three to four times (final WC: 30-50%), and the highest value of NP of such a series was chosen for further analysis. Then the procedure was repeated at a different cuvette temperature. For each temperature five replicates were used.
Long-term carbon gain
Since measurement dates of diel CO 2 exchange were chosen at random throughout the rainy season, we assumed our data set to be representative for the entire period, and we estimated the annual carbon gain of Parmotrema endosulphureum as follows. First, the average diel carbon gain (in µmol CO 2 g dw -1 d -1 ) was converted to diel C gain [CG day , in mg C (g C in thallus) -1 d -1 ] by multiplying it with 10 -3 (conversion to mmol) times 12 (mol mass of C, conversion to mg C) divided by 0.46 (relative carbon content in thalli). Beginning with a thallus of 1 g dw we then calculated the absolute C gain after n days as (1 + 0.001 * CG day ) n -1.
Results
Dependency of CO 2 exchange on hydration, light and temperature
Measurements of the net CO 2 exchange (NP) of P. endosulphureum at different water contents yielded a typical optimum relationship (Fig. 1) . Samples showed substantial variation in their maximum rates of net CO 2 uptake (16.2 ± 2.9 nmol g dw -1 s -1 , mean ± SE, n = 8, range 5.0 -26.4 nmol g dw -1 s -1 ). Thus, for reasons of clarity, normalised values are depicted. There was a rather broad optimal range of NP from c. 100-200% WC ; higher thallus WC only lead to a slight depression of CO 2 uptake. Maximum rates of dark respiration averaged 5.6 ± 0.8 nmol g dw -1 s -1 (mean ± SE, n = 5). R D was rather stable at WC > 200%, but decreased at lower WC: no measurable respiration was observed at WC < 15%. The dependency of NP on light is shown in Fig. 2 for four different samples. Dark respiration rates averaged 3.4 nmol g dw -1 s -1 , corresponding to about a third of the maximum rate of net CO 2 uptake (mean NP max : 11.5 nmol g dw -1 s -1 ). The light compensation point was reached at 35 µmol m -2 s -1 PFD, light saturation of net CO 2 uptake (95% NP max ) at about 330 m -2 s -1 PFD. The temperature response of the CO 2 exchange is shown in Fig. 3 . Net photosynthesis is clearly adapted to high temperatures with an optimum between 20-25°C and an upper temperature compensation point of about 35°C. Dark respiration increased steadily with temperature from 1.8 nmol g dw -1 s -1 at 10°C to 9.4 nmol g dw -1 s -1 Table 1 . Integrals of diel carbon exchange, nocturnal CO 2 loss and incident photon flux density on seven days in the 2001 and 2002 rainy seasons. Data are means ± SE (n = 3). The average diel carbon budget was 11.9 ± 58.6 mmol g dw -1 d -1 , the average nocturnal CO 2 loss was 90.3 ± 54.9 µmol g dw -1 12 h -1 . 135.1 ± 9.4 -3.7 ± 2.6 24.7 ± 1.7 Table 1. at 35°C. The ratio between net photosynthesis and R D was optimal at 15°C with an average of 3.4 and reached unity at about 30°C.
Diel courses of in situ CO 2 exchange and water content
The seven study days encompassed much of the environmental variation given during the rainy season on BCNM, from rather bright days with almost no rain (May 15, 2002) to completely overcast days with frequent precipitation (Aug 18, 2001 ). On all days but one (May 18, 2002) , lichens were hydrated and metabolically active during the entire night (due to precipitation on the preceding day) with mean CO 2 losses of 90.3 µmol g dw -1 12 h -1 (Table 1) . CO 2 exchange during the subsequent light period was unimodal on four of the seven study days, with CO 2 uptake ending around noon due to desiccation of the thalli (Fig. 4a) . On the three remaining days a bimodal pattern was observed (Fig. 4b) , because thalli were re-moistened by rain in the early afternoon. The resulting 24 h carbon balances were mostly around zero (Table 1) , with two exceptions: a quite negative carbon balance on May 16, 2002 was caused by rather high rates of dark respiration and a comparatively short period of CO 2 uptake before noon (data not shown). On the other extreme, diel carbon gain reached 135.1 µmol g dw -1 d -1 on May 18, 2002, when CO 2 losses at night were the lowest of all study days due to very low hydration of the thalli (WC 20-30%), and brief rainfall just at dawn and again in the afternoon allowed for re-wetting of the thalli and substantial CO 2 uptake during most of the light period (Table 1, Fig. 4b ).
Long-term carbon gain
Based on the average diel CO 2 gain of 11.9 µmol g dw -1 d -1 , which corresponds to a daily carbon gain of 0.31 mg C (g C in thallus) -1 d -1 , we calculated an annual carbon gain of 120 mg C (g C) -1 yr -1 or 12.0 % of initial carbon content for Parmotrema endosulphureum. However, in this calculation the approximately 4 month dry season (Windsor 1990 ) was included. Assuming a very low metabolic activity with a balanced budget for this period, we arrived at an annual carbon gain of 80 mg C (g C) -1 yr -1 .
Discussion
Similar to the only other foliose lichen species studied in situ in tropical lowlands (Zotz & Winter 1994) , Parmotrema endosulphureum frequently experienced negative carbon budgets in 24-h courses of CO 2 gas exchange. However, in contrast to that earlier study, the average carbon budget of the seven study days was slightly positive (11.9 µmol g dw -1 d -1 or 0.31 mg C (g C) -1 d -1 , Table 1 , Fig. 4 ). Although this number should be interpreted with caution due to our limited data base and the substantial variation in carbon gain between days (Table 1) , the emerging pattern is certainly consistent with Richards' (1984) hypothesis: net carbon gain in lowland macrolichens is precariously close to zero, while almost all values of diel carbon gain reported from montane habitats are higher by at least an order of magnitude. For example, Lange et al. (1994) report diel carbon balance of 6.2 mg C (g C) -1 d -1 for Dictyonema glabratum, Zotz et al. (1998) 5.4 mg C (g C) -1 d -1 for Sticta tomentosa, and Lange et al. (2000) 3.6 mg C (g C) -1 d -1 and 2.1 mg C (g C) -1 d -1 for Leptogium cyanescens and L. phyllocarpum, respectively. Even in the species with the lowest value reported to date from a montane growing site in the tropics, Leptogium azureum (Lange et al. 2000) , diel carbon gain was more than twice that of P. endosulphureum. It is informative to compare the average diel carbon gain documented for P. endosulphureum under tropical lowland conditions with that from habitats that are not conducive to rapid growth. Values reported for hot deserts (Ramalina maciformis: Kappen 1985) are similar to our results.
The extrapolation from these short-term gas exchange measurements to annual carbon budgets is problematic for a number of reasons. For example, (1) our study days may not be representative for the entire year, (2) leaching of assimilates may occur, particularly during drying-rewetting cycles (Prussia & Killingbeck 1991) , and (3) assimilates may not be available for growth because of limited lateral transfer (e.g. Bench et al.) or due to other non-growth related functions (cf. Hill 1981) . Given these uncertainties, it is remarkable how well our estimate of annual carbon gain in P. endosulphureum (c. 80 mg C (g C) -1 yr -1 or 8% of initial carbon content) agrees with direct measurements of growth in this species (Zotz & Schleicher submitted) . In that research, growth was studied in 35 thalli of P. endosulphureum occurring naturally in the canopy of Annona glabra on BCNM. The determined annual growth rates of 17.6 ± 11% of the initial thallus dry mass differ only by a factor of two from our estimates. Calculating the approximate average daily carbon budget in the rainy season necessary to reach the observed annual growth (in the absence of leaching) yields 25.3 µmol g dw -1 d -1 . There are a number of possible explanations for this difference in annual growth estimates obtained by different methods. First, although we tried to simulate the environmental conditions given in Annona glabra at our measurement site, conditions in this tree may be actual-ly more conducive to carbon gain. For example, as suggested by Zotz & Winter (1994) , CO 2 concentrations immediately adjacent to the bark are probably considerably higher than in the gas exchange cuvette. Secondly, the handling of the lichen specimens during gas exchange measurements may lead to faster desiccation during the day : samples in wire-mesh baskets desiccate faster than neighboring thalli, which are naturally attached to the bark of Annona glabra (Schultz & Zotz, unpubl. observation) . Overall, however, the two different approaches to estimate annual carbon gain yielded surprisingly similar results.
A comparison with estimates of annual carbon gain from non-tropical habitats is complicated by differences in computation. In many cases, yearly estimates are derived from diel carbon budgets by simple multiplication with 365 days, which results in substantially lower numbers (e.g. Lange et al. 1998) . In spite of this problem, a pattern begins to emerge with lichens from tropical montane forests being among the most productive on earth, and lowland species in the lower third of the spectrum (compare review in Lange et al. 1998 ). This rather limited productivity is not due to a low potential for carbon gain (see Figs. 1-3 ), but caused by relatively high dark respiration (for a global comparison see Lange et al. 2000) . The cumulative nocturnal CO 2 loss of almost 90% of daytime NP during the 7 days of this study (Table 1) is only rivaled by another report from tropical lowlands (Zotz & Winter 1994) and one from maritime Antarctica (Sancho et al. 1997) .
Maximum rates of net CO 2 uptake during diel courses (Fig. 4) and under controlled conditions (Figs. 1-3 ) ranged from c. 11-16 nmol g dw -1 s -1 , hence were mid-range compared to those reported in the older literature (2 -32 nmol g dw -1 s -1 , reviewed in Green & Lange 1994) . Most values of NP max of lichens from tropical montane habitats are considerably higher, e.g., c. 60 nmol g dw -1 s -1 (Dictyonema glabratum, Lange et al. 1994) or c. 50 nmol g dw -1 s -1 (Sticta tomentosa, Zotz et al. 1998) . Not surprisingly, the rates of dark respiration in these montane species also exceeded those of P. endosulphureum, but only about twofold. Finally, the temperature response of NP differed between the species from lowland and montane habitats (Fig. 3 , Lange et al. 1994; Zotz et al. 1998) : between 10 and 30°C, R D increased much less in P. endosulphureum (Q 10 c. 1.9) than in Dictyonema glabratum (Q 10 c. 2.5) and Sticta tomentosa (Q 10 c. 2.3). Whether this observation reflects a general difference in temperature response remains to be shown.
In conclusion, our study lends credit to the hypothesis proposed by Richards (1984) : while carbon gain under tropical montane conditions is very high, lichens in the lowlands can hardly compensate nocturnal CO 2 losses by carbon gain during the day.
